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Abstract 
Organismal aging can be caused by epigenetic changes whose ultimate cause is various 
types of stress. Caenohabdtis elegans offers several advantages as a model organism for the 
study of the effect of epigenetic alterations on aging.  With evolutionary conservation of basic 
genes that control development, C. elegans has already provided valuable insight into the genetic 
basis of age-related diseases in humans.  Progressive sterility in C. elegans is the result of 
germline apoptosis from genomic or epigenomic stresses. In wild type C. elegans, the germline 
is an immortal cell lineage that is passed and maintained from generation to generation. A 
particular strain of C. elegans mutants, strain GS3582, which possesses an integrated transgene 
arIs92, causes progressive sterility. It is not known whether the transgene is the cause of the 
sterility phenotype.  This study aimed to classify whether the key genetic lesion in GS3582 
belongs to the signaling pathway of Piwi mutant prg-1 or that of the nuclear RNAi defective 
mutant nrde-1.  prg-1 and nrde-1 are two related, but distinct, mutant types that result in an 
epigenomic transgenerational sterility phenotype. Double mutant analysis, as well as high 
resolution fluorescence microscopy, was performed to show that strain GS3582 is related to, but 
not identical, to prg-1 mutants. It was found that co-suppression, or silencing of high copy 
number germline genes, contributes to the transgenerational sterility of GS3582. We attenuated 
co-suppression with a loss-of-function allele of mut-7, and found that combining the GS3582 
background and a mut-7 allele had a strong synthetic effect on sterility. This implies that co-
suppression represses the epigenomic toxicity of GS3582. The findings from this study could 
contribute to the understanding of germline maintenance in C. elegans and further influence the 
study of aging regulation in humans.  
 
Introduction 
The germline of C. elegans is an immortal cell lineage that is passed and maintained from 
generation to generation. While somatic cells in C. elegans accumulate mutations from various 
sources of stress, germline cells proliferate indefinitely (Smelick and Ahmed 2005). Germline 
cells of C. elegans possess self-rejuvenation abilities that prevent them from deterioration, thus 
achieving immortality (Smelick and Ahmed, 2005). Mutants with progressive sterility 
phenotypes are studied in order to understand the mechanism of germline immortality in C. 
elegans. Possible misregulation of germline proliferation mechanisms could result in the mortal 
germline phenotype. This study strives to test a specific strain of C. elegans, strain GS3582, 
which exhibits the mortal germline (mrt) phenotype. 
It was observed in this study that complete sterility in GS3582 begins after approximately 
20 generations. In GS3582, an integrated transgene arIs92 is inserted to chromosome V of the 
organism. Transgene arIs92 has egl-17 gene fused to LacZ gene with a GFP reporter. The GFP is 
expressed in the central nervous system in the head of the animal (Figure 1). This study focused 
on investigating the cause of the mortality phenotype. Particularly, experiments were designed to 
test whether GS3582 mutants belong to C. elegans Piwi mutant prg-1 or nuclear RNAi defective 
mutant nrde-1. Both prg-1 and nrde-1 mutants result in sterility of C. elegans. Additional 
experiments were performed to test whether co-suppression is also involved in causing the mrt 
phenotype.  
         The prg-1 gene in C. elegans encodes a protein that is a homolog of the Piwi protein 
family (Cox et al., 1998). Piwi, a highly conserved protein, is essential for germline maintenance 
and proliferation in humans, Drosophila, and Arabidopsis (Cox et al., 1998). Normal prg-1 gene 
functions in silencing repetitive RNA in the C. elegans genome and maintains germline fertility. 
Consequently, deficiency of PRG-1 results in desilencing of the repetitive sequence and eventual 
sterility in C. elegans (Simon et al., 2014). A previous study demonstrated that a small RNA 
pathway, the DAF-2 pathway, restores fertility in prg-1 mutants (Simon et al., 2014). The daf-2 
gene in C. elegans is an insulin/IGF receptor ortholog (Gems et al., 1998). The normal daf-2 
gene suppresses activity of DAF-16, a transcription factor promoting repetitive RNA silencing 
(Gems et al., 1998). In a daf-2 mutant, the defective daf-2 gene no longer suppresses DAF-16. 
Constitutive expression of DAF-16 promotes an endogenous RNAi pathway that silences 
repetitive RNA sequences. As a result, overexpression of DAF-16 compensates for the 
deficiency of PRG-1. At 20 °C, while prg-1 single mutants exhibit the mortality phenotype, daf-
2; prg-1 double mutants have completely restored germline immortality. In addition, daf-2 RNAi 
treatment also inhibits DAF-16 expression and restores fertility in prg-1 sterile mutants. If 
GS3582 has a defect in the prg-1 small RNA silencing pathway, daf-2;GFP double mutants 
should have restored fertility and daf-2 RNAi treatment should also restore fertility in sterile 
GFP mutants. 
nrde-1 mutants are another strain of C. elegans mutants that exhibit the sterility 
phenotype.  In C. elegans, nrde-1 is a part of the nuclear RNAi pathway that is involved in 
transgenerational silencing of mRNA transcripts that can potentially be deleterious to germline 
immortality. nrde-1 encodes a protein that functions with NRDE-2, NRDE-3, and NRDE-4 to 
inhibit RNA polymerase II activities and to facilitate H3 Lysine 9 methylation in order to 
suppress expression of target mRNA transcripts (Burkhart et al., 2011). nrde-1 mutants with 
defective nrde-1 gene do not have a functional nuclear RNAi pathway in silencing targets of 
RNAi, resulting in progressive sterility in the animals. If GS3582 has a defective nrde-1 gene, 
neither daf-2;GFP double mutants nor daf-2 RNAi of sterile GFP mutants will have restored 
fertility due to loss of function in the nuclear RNAi pathway. 
The results from propagating daf-2;GFP double mutants and testing daf-2 RNAi on GFP 
sterile animals indicated GS3582 behaves more similarly to prg-1 mutants. However, this study 
showed that daf-2 did not completely restore fertility to GS3582 mutants. It was further 
hypothesized that co-suppression or silencing of high copy number germline genes contributes to 
the mortal the transgenerational sterility of GS3582. Co-suppression leads to silencing of the 
transgene as well as the endogenous gene in the germline of C. elegans. If transgene GFP is 
silenced in the germlines of GS3582 and other transgene strains, then it may induce silencing of 
other GFP transgenes in trans.  To test this hypothesis, a strain of mutator mutants, mut-7 was 
crossed with GS3582 to attenuate co-suppression. The mut-7 gene encodes a homolog of RnaseD 
that represses transposition of transposable elements in the germline (Ketting et al., 1999).  mut-7 
mutants can desilence repetitive transgene in the germline and is resistant to RNAi (Tops et al., 
2005). Double mutant analysis of mut-7 and GS3582 would reveal whether co-suppression is 
active in GS3582 mutants.  
Overall, studying the cause of transgenerational sterility in GS3582 facilitates a better 
understanding of germline maintenance in C. elegans, which in turn could implicate the 
mechanisms of aging in stem cells.  
Method  
GS3582 Outcross 
GS3582 hermaphrodites were outcrossed with Bristol N2 wild type males to refresh the 
strain. Outcrossing with wild type males can relieve the stress placed on the mutant animals 
stock due to changing temperature, starving, contamination, or random mutation. On Nematode 
Growth Medium (NGM) plates with OP50 E. coli, six L4 GS3582 hermaphrodites were placed 
with ten L4 wild type males. The plates were maintained in 20°C incubator. After four days, the 
F1 generation animals at L4 stage with genotype GFP/+ were scored. Four L4 hermaphrodites 
were placed in each plate and were allowed to grow for four days. The F2 generation at L4 stage 
was collected. Using Fluorescence stereo microscope Leica M205 FA at 65x magnification, 20 
individuals with GFP phenotype were singled. Since the GFP allele is dominant, homozygosity 
for the GFP gene cannot be determined at the F2 generation. The F3 generation was scored four 
days later. All progeny of homozygous GFP/GFP parent have GFP phenotype whereas 25% 
progeny of heterozygous parent would not have GFP phenotype. Sixteen strains of F3 gfp 
homozygotes were obtained. These 16 strains served as the control group for the experiment.  
Germline Mortality Assays 
Mortal Germline phenotype in worms was assessed using previously described protocol 
(Ahmed and Hodgekin, 2000) 
daf-2; gfp double mutants 
    daf-2;GFP double mutants were constructed in order to test the rescue ability of daf-2 to 
GS3582.daf-2 mutant males were constructed by crossing L4 wild type males with L4 daf-2 
hermaphrodites with daf-2 allele e1370, e1368, or m41. Heterozygous L4 daf-2 mutant males 
were crossed with L4 GFP hermaphrodites. The resulting F1 generation with genotype daf-2/+; 
gfp/+ (n=8 for each daf-2 allele) were grown at 25°C to induce dauer formation of daf-2 
homozygotes. F2 dauer individuals with GFP phenotype were singled and grown at 20°C (n=30 
for each daf-2 allelle). In F3 generation, 51 strains homozygous for both daf-2 and GFP were 
scored (n=15 for e1370, n=18 for e1368, and n=18 for m41).  31 of 51 daf-2; GFP strains 
continued to propagate (n=6 for e1370, n=11 for e1368, and n=14 for m41). The 31 strains that 
were recovered from the cross were passaged once every 7 days with six L1 of L2 animals on 
each growth plate. The brood size of each strain was recorded as wild type, medium, low, or 
sterile (Figure 2). 
RNA interference 
RNAi through feeding was performed as previously described protocol (Kamath et al, 
2000). par-6 RNAi and L4440 RNAi were utilized as positive and negative control, respectively. 
daf-2 RNAi was used as the treatment group. Fifty fertile GS3582 adults were placed on par-6 
RNAi plates. Forty-nine sterile GS3582 adults were placed on L440 RNAi plates. Forty-nine 
sterile GS3582 adults were placed on daf-2 RNAi plates.  
mut-7;gfp double mutants 
mut-7;GFP double mutants were constructed in order to test the effect of co-suppression 
GS3582 fertility. mut-7 mutant males were constructed by crossing L4 wild type males with L4 
mut-7 (pk204) hermaphrodites. Heterozygous L4 mut-7 mutant males were crossed with L4 GFP 
hermaphrodites. The resulting F1 generation with genotype mut-7/+; gfp/+ (n=8) were placed on 
par-6 RNAi to obtain homozygous mut-7 worms. mut-7 mutants are resistant to RNAi. Three L1 
animals with GFP phenotype were put on each par-6 RNAi plate (n=36). As negative control 
three L1 animals with GFP phenotype were put on each L440 RNAi plate (n=37).  The brood 
size of each strain was recorded as wild type, medium, low, or sterile (Figure 2). 
Temperature sensitivity assay in outcrossed GFP 
 Six F42 L1 outcrossed GFP mutants were placed on each OP50 plate (n=16). The plates 
were placed in an incubator maintained at 25°C. Every 7 days, six L1 mutants from each plate 
were propagated to a new plate. The plates were propagated for 4 generations (1 week = 2 
generations).  
Results 
daf-2; GFP double mutants 
         We know that daf-2 mutants rescue prg-1 mutants, but it is not known whether GS3582 
has a defect in the prg-1 pathway. Here, we used double mutant analysis to test whether daf-2 
can rescue the sterility of GS3582. For 25 generations, 31 strains of daf-2; GFP double mutants 
and 16 strains of GFP single mutants were propagated. The brood size of each strain was 
recorded as a measure of fertility. In the GFP single mutants control, reduced fertility slowly 
rose in the population (Figure 4).  By F25, the percentage of strains that display lower than 
medium brood size increased from 0% to 18.75%. One strain underwent complete sterility in F25. 
Conversely, in F21 and F23, the strains appeared to have increased fertility; 68.75% and 56.25% 
of 16 strains displayed medium or higher brood size in F21 and F23, respectively. 
The daf-2; GFP strains displayed no dramatic deviation from the control in fertility during 25 
generations.  In daf-2 (m41); GFP mutants, 80% of the 14 strains fluctuate between medium, 
medium to wild type, and wild type brood sizes (Figure 4). Between F9 and F19, percentage of 
strains with medium brood size increased while percentage wild type brood size strains 
decreased. However, the percentage of wild type and medium to wild type strains increased 
between F21 and F25. Medium to low brood sizes occurred in less than 20% of the population 
with the exception of F13, where medium low brood strains occurred in 21.4% of the population. 
Significant reduction in fertility were not observed in daf-2 (m41); GFP strains. 
         In daf-2 (e1368); GFP double mutants, the brood sizes were healthier in the population 
of 14 strains (Figure 4). Greater percentage of the population maintained wild type and wild type 
to medium brood size. Wild type and wild type to medium brood sizes increased from 18% in 
F11 to 60% in F23, but decreased to 30% in F25. Medium brood sizes occur in over half of the 
population with the exception of F21. Although 54.5% of the population was at medium to low 
brood size at F17, the percentage reduced to 18% in F19. At F13, one strain was observed to 
have reduced fertility that eventually became sterile at F21. 
In both e1368 and m41 double mutant lineages, sterile hermaphrodites were not 
frequently observed in strains with medium and low brood sizes. Even with reduced brood size, 
the strains proliferated without regular appearance of sterile animals. In contrast, in the medium 
to low and low brood size strains of the control GFP mutants, sterile hermaphrodites were 
sometimes spotted in the population. These sterile hermaphrodites are often characterized by 
absence of eggs in their uterus and darker appearance.       
         In daf-2 (e1370); GFP double mutants, the brood sizes maintained at medium and 
medium to low in 6 strains (Figure 4). Although the brood sizes were smaller than that of wild 
type, sterile animals were not observed in the population. The daf-2 (e1370); GFP double 
mutants consistently exhibited slower growth rate than the control, but retained fertility over 25 
generations. 
daf-2 RNAi 
         daf-2 RNAi was used to assess the rescue effect of daf-2 knockdown on the fertility of 
GS3582. Fertile GFP/GFP adults placed on par-6 RNAi plates (n=50) became sterile by F2; 
sterile GFP/GFP adults placed on L4440 plates (n=49) remained sterile. The positive and 
negative control groups suggest that bacteria carrying dsRNA successfully induced RNA 
interference in the animals. Two out of 49 GFP/GFP sterile adults treated with daf-2 RNAi 
displayed restored fertility; hatched embryos were observed in these strains. The strains 
demonstrated 4% rescue rate, which is lower than the 10% rescue of daf-2 RNAi in prg-1, but 
greater than the 0% rescue for nrde-1 sterile late-generation adults.  
Prolonged fertility in outcrossed GFP and synthetic sterility of mut-7 
During daf-2;GFP double mutant analysis, it was observed that fertility was increased in 
the control GFP population (Figure 4). The medium brood size was maintained for a longer 
period of time than first observed in the not outcrossed GFP population (Figure 3). We 
hypothesized that the co-suppression mechanism is partially functional. To test this, we made 
mut-7 (pk204); GFP double mutants. By F3, all 25 plates of mut-7;GFP (+)  were sterile whereas 
2 of 15 F2 mut-7;GFP (-) were sterile. 
Temperature sensitivity assay in outcrossed GFP 
 After four generations, at F46, 12 of 16 plates of outcrossed GFP at 25°C became sterile 
(Figure 6).  Four plates remained fertile at medium brood size.  
Discussion 
In general, strong rescue effect of daf-2 on sterility in GS3582 was not observed over the 
course of 25 generations. Slightly healthier brood sizes were observed in daf-2 (e1368); GFP 
and daf-2 (m41); GFP double mutants.  daf-2 (e1370); GFP displayed consistent slow 
development but not sterility. the data does not suggest significant rescue of the mortality 
phenotype. In addition, C. elegans with Glp (abnormal germline proliferation) phenotype were 
not prevalent among the double mutant strains. A better assessment of efficacy of rescue could 
be obtained when a large percentage of sterile strains begin to appear in the single GFP mutant 
population. If daf-2 indeed has rescue effects on GS3582, a distinct difference would be 
observed between the double mutants and the single mutant controls. Furthermore, the majority 
of the GFP control population remained fertile despite the occurrence of medium and low strains. 
The prolonged fertility in the GS3582 mutant strain could be contributed by outcrossing the 
strain with wild type males or varying degree of sterility across populations. The outcrossed GFP 
mutants are temperature sensitive. High and immediate sterility was observed after only 4 
generations at 25°C. From previous studies, temperature sensitivity was also observed in mut-7 
mutants. This further encouraged us to examine the role of co-suppression in causing the sterility. 
Contrasting to the daf-2; GFP double mutant experiment, the daf-2 RNAi treatment on 
sterile GS3582 adults provided a more conclusive result. In 49 adult sterile animals placed on 
daf-2 RNAi growth plates, 2 adults displayed restored fertility and produced fertile offspring. 
daf-2’s rescuing effect of the mortality phenotype in GS3582 animals was significantly lower 
than its rescue effect on prg-1 mutants.  
To test whether co-suppression mechanism is partially functional in GS3582 mutants, 
mut-7;GFP double mutant assay was performed.  Co-suppression leads to silencing of the 
transgene as well as the endogenous gene in the germline of C. elegans. If transgene GFP is 
silenced in the germlines of GS3582 and other transgene strains, then it may induce silencing of 
other GFP transgenes in trans. The double mutant assay indicates that there was a synthetic 
sterility effect of mut-7 mutants on GS3582. The preliminary data from the double mutant 
analysis suggests that GS3582 has a defect in silencing transposons and other repetitive 
sequences in the genome. Knock out of mut-7 exacerbates the mortality phenotype in GS3582. 
The cosuppression mechanism in the double mutants was completely not functional. The 
insertion of the transgene arIS92 could potentially disrupt cosuppresion pathway involving mut-7. 
Even though a strong synthetic effect on sterility was observed in mut-7 (pk204); GFP double 
mutants, it is important to repeat the same mortality assay with different alleles of mut-7 as well 
as other mutator genes, such as mut-14. 
To further investigate the cause of sterility in GS3582, sequencing of chromosome V 
where the transgene is located could be performed. Subsequently, I could determine the specific 
location of the transgene and the genes directly upstream and downstream of the transgene. 
Initially GS3582 displayed rapid sterility, however upon outcrossing GS3582 once with N2 
wildtype, the strain exhibits a spectrum of rapid and slow sterility. The apparent delayed onset of 
sterility could be caused by unstable copy number of the transgene in the genome. Determining 
transgene copy number through quantitative PCR of genomic DNA while observing brood size 
over many generations could examine whether a correlation exists between copy number and 
severity of the sterility defect. A gradient of progressive sterility severity could exist upon 
outcrossing distinct transgenes that exhibit mortal germline phenotype.  
Figures 
 
Figure 1 Expression of GS3582 in C. elegan.   
   
Figure 2. Brood size of GS3582 at various stage of fertility. (A) Wild type. (B) Medium. (C) 
Low. (D) Sterile. 
 
Figure 3. Non-Outcrossed GS3582 mutants exhibit progressive sterility at 20°C. (n=30) 
 Figure 4. (A)  Progressive sterility in twice outcrossed GS3582. Medium brood size is 
maintained in the population for many generations and complete sterility emerged at 25 
generations. (B) Progressive sterility in daf-2(m41);GFP. Medium brood sizes were maintained 
in most populations. No complete sterility was observed. (C) Progressive sterility in daf-2 
(e1368); GFP. Medium-low to low-sterile brood sizes were present in early generations, then 
stabilized around medium brood sizes. (D) Progressive sterility in daf-2 (e1370); GFP. Brood 
sizes were consistently maintained at medium to medium-low. 
 
  
Figure 5. Synthetic sterility of double mutants mut-7; GFP (n=17). 
 
 
Figure 6. High sterility of outcrossed F46 GS3582 at 25°C after 4 generations. 
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